Introduction
============

Caner metastasis accounts for the high mortality of breast cancer [@B1], [@B2]. In clinic, breast cancer cells are preferentially invaded to distant organs of lung, liver, bone and brain [@B1], [@B3], in which 60-70% of patients who eventually died from breast cancer have metastases in their lungs. Despite the recent progress in new therapeutic agents and combinational regimens, the therapeutic efficacy in patients with metastatic disease is still limited with the five-year survival rate of only about 20% [@B1]-[@B6]. Actually, due to the complicated and abnormal microenvironments in cancer metastasis, many current therapies are not reaching the sites of the metastases, thereby leading to the limited therapeutic efficacy [@B3]. Thereby, it is of great necessity to find new approaches with efficient drug delivery to improve the therapeutic efficacy on cancer metastasis.

Supramolecular host-guest assembly offers a powerful and feasible platform for creation of nanosystems with desired properties and functionalities [@B7]-[@B14]. The host-guest nanosystem is based on the inherent noncovalent interactions between host and guest molecules, in which the β-cyclodextrin (β-CD) and adamantine (Ad) molecules constitute the most common pair of host and guest molecules with high affinity [@B15]-[@B18]. Both β-CD and Ad can be modified with preferential functionalities to develop host-guest nanosystems, which demonstrate great potential for on-demand active drug delivery and cancer therapy [@B9], [@B19]-[@B22]. The cyclodextrin-based host-guest nanosystems can provide a fantastic drug delivery platform, but their applications in treating cancer metastasis have not been exploited yet.

The rapid and specific drug release from nanosystems in response to the abnormal tumor microenvironments can be of great interest to improve the therapeutic efficacy or diagnosis of cancer [@B23]. At the cellular level, the endocytic organelles of endosomes (pH \~5-6) or lysosomes (pH, \~4-5) exhibit sharp pH variation, which can be utilized to motivate the on-demand drug release behavior in response to the intracellular acidic environments [@B23]-[@B26]. The pH-responsive drug release can be achieved by destabilization of the nanosystems or by degradation of the acid-liable linker that conjugated to the polymer backbone [@B27]-[@B30], thereby facilitating their pharmacological activities to achieve the anti-metastatic efficacy.

Herein, we put forward a pH-responsive host-guest nanosystem loading succinobucol (PHN) to suppress the lung metastasis of breast cancer. The delivery system of PHN is composed of one host polymer, one guest polymer and the active agent of succinobucol (Scheme [1](#SC1){ref-type="fig"}). The host polymer is the β-CD molecules grafted with multiple arms of N,N-diisopropylethylenediamine (DPA) (βCD-DPA). Meanwhile, the guest polymer is Ad end capped methoxy poly(ethylene glycol) (mPEG-Ad). Succinobucol (SCB), a potent and selective inhibitor of VCAM-1, is supposed to be a potential candidate for inhibiting lung metastasis of breast cancer [@B31]. In this system, the hydrophobic βCD-DPA and hydrophilic mPEG-Ad can be integrated into amphiphilic supramolecular polymer of βCD-DPA/mPEG-Ad (PCD) due to the intermolecular host-guest interactions, and then be self-assembled with SCB into PHN (Scheme [1](#SC1){ref-type="fig"}). Therein, the hydrophilic PEG segments of amphiphilic PCD polymer was used to form the outer shell of PHN nanoparticles, while the hydrophobic βCD-DPA segments could form the inner core of PHN to entrap the water-insoluble SCB with pH-stimuli responsive capability. In the intracellular acidic compartments, the hydrophobic DPA units in βCD-DPA can become hydrophilic due to the protonation of tertiary amino groups, thereby leading to the destabilization of PHN and rapid release of payload SCB to perform their pharmacological activities on cancer metastasis (Scheme [1](#SC1){ref-type="fig"}). The formation of PHN and its pH-responsive properties are determined by in vitro characterizations. Then, the anti-metastatic efficacy is evaluated by in vitro and in vivo measurements to validate the effectiveness of PHN on inhibiting lung metastasis of breast cancer.

2. Experimental Sections {#Section2}
========================

2.1 Materials {#Section2.1}
-------------

The DPA segments were first conjugated to β-CD to form the pH-responsive star-shaped βCD-DPA polymer, while the mPEG-Ad was synthesized as previously described method [@B32], [@B33]. The supramolecular pseudo-diblock polymer of βCD-DPA/mPEG-Ad (PCD) was formed by mixing the host and guest polymer at 1:1 molar ratio, and then determined by 2D NOSEY NMR spectroscopy. The detailed procedure and characterization were depicted in the [supporting information](#SM1){ref-type="supplementary-material"}. The critical aggregation concentration of PCD was determined by the pyrene fluorescence probe spectrometry. Other materials including chemicals, reagents, cells and animals were also described in the [supporting information](#SM1){ref-type="supplementary-material"}.

2.2 Preparation and characterization of PHN {#Section2.2}
-------------------------------------------

PHN was prepared by a self-assembly technique. Briefly, βCD-DPA and mPEG-Ad (1:1, molar ratio) was accurately weighted, dissolved in 50 μL of methanol and sonicated for 30 min. Then, 50 μL of SCB solution was added to the solution, and mixed by sonication. Then, the mixed solution was diluted with 900 μL of distilled water, and dialyzed against water to remove the methanol. The terminal concentration of SCB in PHN was about 4.0 mg/mL.

The morphology of PHN was observed under transmission electronic microscope (TEM) (JEOL JEM-2100F, Japan). Samples were negatively stained with phosphotungstic acid solution (1%, w/v) for the measurements. Meanwhile, the size distribution of PHN was determined on an instrument of Nano ZS 90 (Malvern, UK). Then, free SCB in PHN was separated by centrifugation method, and the drug amount in PHN was quantified by HPLC analysis to calculate the encapsulation efficiency and the drug loading capacity of PHN.

Then, to determine the dissociation of PHN at endosomal acidic environment, PHN was respectively diluted with PBS with pH 5.8 and pH 5.2. SCB was extremely insoluble in water, and easily precipitated in PBS when it was released from PHN. Samples were centrifuged at 3,500 g for 5 min, and the supernatant was observed under TEM to detect the morphology changes of PHN. Then, the in vitro release profiles of PHN were measured at 37 ºC in PBS solution with various pH values from pH 7.4 to pH 5.2. Briefly, 100 μL PHN was respectively diluted into 900 μL of PBS at different pH values, mixed by vortex, and shaken at 100 rpm in a thermostatic oscillator (HZ-9611k, Hualida, China) at 37 ºC. At predetermined time intervals, samples were centrifuged at 3,500 g for 5 min to remove the drug precipitation, and the drug amount in the supernatant was determined by HPLC analysis.

2.3 Cell cytotoxicity {#Section2.3}
---------------------

The cytotoxicity of PHN was determined in the metastatic 4T1 breast cancer cells. Cells were added to 96-well plates at 6 × 10^3^ cells/well and cultured overnight. Then, PHN, SCB and the PCD polymer (equivalent concentration to SCB) were respectively added to each well with SCB concentrations ranging from 4 ng/mL to 40 μg/mL. Cells without any treatment were performed as negative control. Thereafter, cells were incubated for further 48 h, and the cell viability was measured by MTT assay method (Enspire, Perkin-Elmer, Singapore).

2.4 Cell apoptosis {#Section2.4}
------------------

To detect whether PHN could impact the cell viability, the cell populations in live cells, dead cells, at early apoptotic and late apoptotic stages were analyzed by FACS analysis. Cells were seeded into 12-well plates and cultured overnight for the attachment. Then, PHN and SCB were respectively incubated with cells at 400 ng/mL SCB for 48 h, and stained with the Annexin V-FITC/PI Apoptosis Detection kit (Invitrogen, USA). Cells without any treatment were performed as negative control. Samples were determined by the FACSCalibur system (BD, USA) to calculate the cell population percentages at each stage.

2.5 Cellular uptake {#Section2.5}
-------------------

The cellular uptake of PHN in 4T1 cells were visualized under LCSM (Fluoview^TM^ FV 1000, Olympus, Japan). Cells were seeded onto the round glass coverslips (Ø 10 mm) in 24-well culture plate at 1×10^4^ cells/well and cultured overnight. The nile red labeled PHN was incubated with 4T1 cells for 2.0 h. Then, cells were respectively stained with LysoTracker Green DND-26 (Molecular Probe, USA) and Hoechst 33342 for visualization under LCSM. The uptake of PHN in 4T1 cells was denoted as the red fluorescence signals.

2.6 Inhibition of cell migration and cell invasion {#Section2.6}
--------------------------------------------------

The in vitro anti-metastatic efficacy of PHN was measured in the metastatic 4T1 cells by transwell mediated cell migration and invasion assays. For the migration assay, 1×10^5^ cells was suspended in 100 μL of serum-free media, and added into the upper chamber of transwell inserts (pore size, 8 μm, Costar, USA) in 24-well plates. Meanwhile, for the invasion assay, 2.5×10^5^ cells in 100 μL of serum-free media were added to the top chamber of Matrigel coated transwells inserts (BD, Bioscience). Then, 600 μL of culture media with 10% FBS was added to the lower chambers as chemoattractive agents. PHN and SCB were respectively added to both the upper and lower chambers at 400 ng/mL of SCB, and incubated for 24 h. The migrated or invaded cells were stained with crystal violet, photographed and further counted for the quantification.

2.7 Inhibition of VCAM-1 expression {#Section2.7}
-----------------------------------

To determine the inhibition effects of PHN on VCAM-1 expression on 4T1 cells, the VCAM-1 expression was determined by immunofluorescence assay and western-blot analysis. Cells were seeded to 24-well plates at 5×10^4^ cells/well, cultured overnight, and then incubated with PHN or SCB at 400 ng/mL of SCB for 48 h. Cells without any treatment were performed as negative control. For the immunofluorescence assay, cells were fixed, treated with the primary antibody (Ab19569, Abcam, UK) and Cy3 labeled secondary antibody (Beyotime, Jiangsu, China) according to the manufacturer\'s protocols. By contrast, the nuclei were stained with DAPI as control. The VCAM-1 expression was evidenced as red fluorescence signals under LCSM. Moreover, cells were lysed and the VCAM-1 content in the cell lysate was determined by western-blot analysis as previous described method [@B31].

2.8 Inhibiting cell-cell binding of RAW 264.7 to 4T1 cells {#Section2.8}
----------------------------------------------------------

The 4T1 cells were seeded into 12-well plates at 1.5 × 10^5^ cells/well, cultured overnight and incubated with SCB and PHN (400 ng/mL of SCB) for 48 h. Then, cells were labeled with Hoechst 33342 (5 μg/mL) for the binding assay. Meanwhile, RAW 264.7 cells were stained with DiI (red fluorescence) for 1 h, rinsed and harvested in PBS (pH 7.4). Then, RAW 264.7 cells (5.0 × 10^5^cells in 1.0 ml PBS) were incubated with 4T1 cells for 30 min. The unbonded cells were removed, and the binding of RAW cells (red fluorescence) to 4T1 cells (blue fluorescence) were detected under fluorescence microscopy (IX81, Olympus, Japan). The cell-cell binding ratio was calculated as red counts compared to blue ones [@B31], [@B34].

2.9 In vivo behavior of PHN {#Section2.9}
---------------------------

The in vivo distribution profiles of PHN were evaluated in lung metastatic breast cancer models. The 4T1-luc cells were used to develop the lung metastatic breast cancer model. At 12 day after the inoculation, the formation of lung metastases was determined by in vivo bioluminescence assay (IVIS Spectrum, Perkin-Elmer) after intraperitoneal injection of luciferin (150 mg/kg). PHN was labeled with the near infrared probe of indocyanine green (ICG) by physical entrapments for the observations. Mice were given with the ICG labeled PHN via tail injection, and sacrificed at 2.0 h after the administration. Then, various major organs were carefully removed and imaged under the in vivo imaging system (IVIS Spectrum, Perkin-Elmer). The fluorescent signals were quantified by the accompanied software. Moreover, the specific delivery of PHN to the site of metastases was further determined by the in vivo multi-modal Spectrum/CT system (Perkin-Elmer, USA). In addition, the pharmacokinetic profiles of PHN and SCB was measured in rats after intravenous administration (40mg/kg) (n=4). To avoid the precipitation of water-insoluble SCB in the measurements, SCB was dissolved in the mixed solution of Solutol HS-15/dimethylacetamide (1:1, v/v) (40 mg/mL) and diluted with saline for the injection. The plasma concentration of SCB was determined by HPLC analysis as previous described methods [@B31].

2.10 In vivo therapeutic efficacy on inhibiting the lung metastasis of breast cancer {#Section2.10}
------------------------------------------------------------------------------------

Mice were injected with 2×10^5^4T1-luc cells per mouse to generate the lung metastatic breast cancer model[@B31], [@B34]. After the inoculation, mice were divided into three groups (n=4), and respectively treated with saline, SCB solution and PHN (40mg/kg) by tail injection every three days. At day 12, the formation of lung metastasis was determined by *in vivo*bioluminescence measurements (IVIS Spectrum, Perkin-Elmer). Then, mice were autopsied and the lung tissues were removed. In each lung tissue, the visually detected metastatic nodules were counted. The inhibition of lung metastasis was calculated as the average metastatic nodules in PHN or SCB group compared to that in saline group. Moreover, the histological examination was performed by H&E staining to detect the metastatic foci in the lungs.

3. Results and Discussion {#Section3}
=========================

3.1Formation of PHN and its pH-responsive properties
----------------------------------------------------

PHN was fabricated from the host βCD-DPA, guest mPEG-Ad and active agents of SCB. Therein, the host polymer of βCD-DPA was firstly synthesized by grafting DPA monomer to β-CD molecule to develop the star-shaped hydrophobic derivative with particular pH-responsive properties ([Supporting information](#SM1){ref-type="supplementary-material"}, Figure [S1](#SM1){ref-type="supplementary-material"}-3). It was determined that there are 6 arms of DPA linked the β-CD molecules. Meanwhile, adamantane methylamine was combined with mPEG-COOH (MW, 5000Da) to form the guest polymer of mPEG-Ad ([Supporting information](#SM1){ref-type="supplementary-material"}, Figure [S4](#SM1){ref-type="supplementary-material"}). The details of the synthesis procedure and NMR spectroscopic characterization were described in the [Supporting Information](#SM1){ref-type="supplementary-material"} ([Supporting information](#SM1){ref-type="supplementary-material"}, Figure [S1](#SM1){ref-type="supplementary-material"}-4). The hydrophobic βCD-DPA and hydrophilic mPEG-Ad could be merged into the amphiphilic supramolecular pseudo-diblock polymer of βCD-DPA/mPEG-Ad (PCD), which was formed by mixing them at molar ratio of 1:1 (Figure [1](#F1){ref-type="fig"}A). The formation of PCD was confirmed by 2D NOSEY NMR spectroscopy (Figure [1](#F1){ref-type="fig"}B). The NOE cross peaks between the inner protons of H(3) and H(5) of β-CD and those of Ad were readily detected, which suggested the inclusion of Ad moieties into the hydrophobic cavity of β-CD to form PCD via the host-guest interactions. The critical aggregation concentration of the amphiphilic PCD was 1.23 μg/mL (Figure [S5](#SM1){ref-type="supplementary-material"}). Then, the amphiphilic PCD and water-insoluble SCB were self-assembled into the nanosystem of PHN, which was determined by TEM and dynamic light scattering (DLS) analysis (Figure [1](#F1){ref-type="fig"}C and D). The measured results indicated that PHN comprised homogeneous nanometer-sized spherical particles with the mean diameter of 110.0±40.36 nm and the polydispersity index (PDI) of 0.156 (Figure [1](#F1){ref-type="fig"}C and D). When PHN was diluted with distilled water to 100 times, the mean diameter of PHN was 105.2±39.47 nm with the PDI of 0.186. After 24 h, the mean diameter was 116.6±41.22 nm with the PDI of 0.218. These results indicated the good stability of PHN upon dilution as well as time alteration. Moreover, the drug loading capacity of SCB in PHN was 15.40±0.01% and the encapsulation efficiency was 95.65±0.02 %. Thereby, the water-insoluble SCB could be entrapped into the hydrophobic core of PHN due to its strong interactions with the hydrophobic parts of PCD.

It has been identified that the pH-responsive nanosystem could enable the on-demand drug release by virtue of the intracellular acidic environments to improve the therapeutic efficacy [@B35]-[@B40]. In the design of PHN, the hydrophobic βCD-DPA could become hydrophilic in the acidic endocytic organelles due to the protonation of tertiary amino groups in DPA [@B41], which could trigger the disassembly of PHN structure and specific drug release in response to the intracellular acidic pH-stimuli inside the cancer cells (Figure [S6](#SM1){ref-type="supplementary-material"}). To determine the pH-responsive properties, PHN was incubated with phosphate buffered solutions (PBS) at different pH values. Once the typical structure of PHN was dissociated or SCB was released from PHN, SCB would be largely precipitated in PBS due to the extreme water-insoluble property. At first, the morphology of PHN at lower pH values was analyzed by TEM measurements (Figure [1](#F1){ref-type="fig"}E and F). When PHN was diluted with PBS at pH 5.8, some drug precipitation was observable and the TEM images of the supernatant showed the typical structure of PHN collapsed in comparison with that of PHN at pH 7.4 (Figure [1](#F1){ref-type="fig"}C and E). Then, when PHN was incubated with PBS at pH 5.2, plenty of drug precipitation was readily detected and the TEM observations of the supernatant presented no typical structure of PHN (Figure [1](#F1){ref-type="fig"}F). Thereby, these TEM measurements directly displayed the disassociation of PHN at acidic environments, suggesting the specific and sensitive pH-responsive ability of PHN.

Then, the in vitro drug release of SCB from PHN at different pH values was quantified by high performance liquid chromatography (HPLC) (Figure [1](#F1){ref-type="fig"}G and H). PHN was incubated with series of PBS from pH 7.4 to pH 5.2 at 37 °C. At certain time intervals, samples were centrifuged and the drug amount in the supernatant was measured by HPLC analysis. The measured results indicated that a burst drug release from PHN when the pH values was lowered from 6.0 to 5.8, which denoted the specific and intelligent drug release in response to the endosomal acidic pH stimuli (Figure [1](#F1){ref-type="fig"}G). Furthermore, the in vitro release profiles of SCB from PHN were measured in PBS with different pH values to evaluate its pH-sensitivity to the extracellular and intracellular environments (Figure [1](#F1){ref-type="fig"}H). With the prolongation of time, the cumulative release of SCB was slowly increased at pH 7.4 and pH 6.8, and moderately raised to the maximum within 30 min at pH 6.0, but exhibited a sharp increase within 10 min to the maximum at pH 5.8 and 5.2. Typically, the cumulative drug release of PHN within 2 h was over 90% at pH 5.8 and 5.2, and 75% at pH 6.0, which was much higher than that at pH 6.8 and pH 7.4 (Figure [1](#F1){ref-type="fig"}H). These experimental results indicated that PHN could be stable in the extracellular pH environments, but present a specific and rapid drug release in response to the intracellular pH stimuli, which clearly verified the pH-responsive capability of PHN to the intracellular acidic microenvironments. The specific pH-stimuli motivated drug release from PHN could be appropriate for achieving the therapeutic efficacy on cancer metastasis.

3.2 In vitro cytotoxicity and anti-metastatic efficacy {#Section3.2}
------------------------------------------------------

To detect the in vitro anti-metastatic efficacy of PHN, experiments were performed in 4T1 metastatic breast cancer cells. The 4T1 cell line was a typical and commonly used lung metastatic cell line, which was originally derived from a mammary tumor that spontaneously emerged in Balb\'c mice [@B34], [@B42]. At first, the in vitro cytotoxicity of PHN was measured to evaluate its effects on the cell viability (Figure [2](#F2){ref-type="fig"}). When the SCB concentration was less than 4 μg/mL, no obvious cytotoxicity was detected in SCB, PCD (equivalent dose to PHN) or PHN group, and no significant difference occurred among them (Figure [2](#F2){ref-type="fig"}A). Then, the cell populations in live cells, dead cells, at early apoptosis and late apoptosis stages were determined by FACS analysis (Figure [2](#F2){ref-type="fig"}B). At 400 ng/mL of SCB, the cell percentage in live cells was over 90%, which was comparable with that of the negative control. As a result, both SCB and PHN did not impact the cell viability of 4T1 cells at 400 ng/mL of SCB, which would hardly interfere with their anti-metastatic efficacy.

Then, the subcellular localization of PHN was observed under LCSM (Figure [2](#F2){ref-type="fig"}C). PHN was fluorescently labeled with hydrophobic dye of Nile red for the visualization. By contrast, the nuclei were stained with Hoechst 33342 (Blue, Beyotime), whereas the lysosomes was counterstained with LysoTracker Green DND-26 (Green, Molecular probe). A few yellow fluorescent signals (the combination of red and green fluorescence) were observed in 4T1 cells, which denoted the co-localization of PHN with the lysosomes after internalization (Figure [2](#F2){ref-type="fig"}C). Owing to the acidic environments in lysosomes (pH 4-5) and the pH-responsive properties of PHN, the localization of PHN in lysosomes could motivate the rapid and specific drug release in response to the pH stimuli, which could offer an essential opportunity to achieve the anti-metastatic efficacy.

Moreover, the cell migration and invasion activities of 4T1 cells were measured to determine the in vitro anti-metastatic efficacy of PHN (Figure [3](#F3){ref-type="fig"}). The migration and invasion abilities of cancer cells were directly related to their in vivo metastasis [@B43]. To know the inhibitory effects of PHN on the migration of 4T1 cells, experiments were performed by transwell mediated cell migration assays with 10% FBS as chemoattractive agents (Figure [3](#F3){ref-type="fig"}A and B). Compared to the negative control, the percentage of migrated cells was obviously reduced to 57.3% in SCB treated group, and further decreased to 18.7% with the PHN treatment (Figure [3](#F3){ref-type="fig"}). Similarly, in the cell invasion assays, the invaded cells across the Matrigel matrix coated transwell membrane in SCB treated group was 51.5% of the negative control, and further significantly reduced to 22.3% with the treatment of PHN (Figure [3](#F3){ref-type="fig"}). Moreover, significant difference was detected between PHN and SCB in inhibiting the cell migration and invasion activities (p\<0.05) (Figure [3](#F3){ref-type="fig"}B). Typically, the inhibition rate of PHN on cell migration and invasion was respectively enhanced 1.9-fold and 1.6-fold than that of SCB group. Thereby, PHN presented a significant inhibition of cell migration and invasion activities, which was much more effective than free SCB.

3.3 Inhibitory effects of PHN on VCAM-1 expression {#Section3.3}
--------------------------------------------------

VCAM-1 plays an essential role in the lung metastasis of breast cancer, which has been considered as a potential therapeutic target against cancer metastasis [@B34], [@B44]. SCB presents surprisingly potent and selective inhibitory activity on VCAM-1 expression, and has been identified as a promising candidate for treatment of lung metastasis [@B31]. The inhibitory effects of PHN on the VCAM-1 expression of 4T1 cells were first measured by immunofluorescence assay (Figure [4](#F4){ref-type="fig"}A). In the negative control, the VCAM-1 expression was denoted as red fluorescence and largely detected, which certificated the high expression of VCAM-1 expression on 4T1 cells. Then, the VCAM-1 expression was slightly reduced by SCB, and further obviously decreased with the treatment of PHN. Moreover, the VCAM-1 expression was determined by western-blot analysis (Figure [4](#F4){ref-type="fig"}B). The protein signals of VCAM-1 were readily detected in the negative control, then significantly reduced by SCB treatment, and further dramatically weakened in the presence of PHN. Thereby, the VCAM-1 expression of 4T1 cells was notably inhibited by PHN.

Moreover, during the lung metastasis of breast cancer, the VCAM-1 on the surface of breast cancer cells could bind monocytes via the α4-integrin/VCAM-1 interactions, and facilitate the establishment of metastatic colonies in the lungs [@B34], [@B44]. The cell-cell binding of cancer cells to monocyte was a predominant aspect in the formation of lung metastatic nodules. The high expression of VCAM-1 on 4T1 cells have been identified above (Figure [4](#F4){ref-type="fig"}A and B). RAW 264.7 was a murine monocyte macrophage cell line that expressed α4-integrin [@B34], and was used for the cell-cell binding assay to evaluate the potential inhibitory effects of PHN. The 4T1 cancer cells were stained with Hoechst 33342 (blue fluorescence), while the RAW 264.7 cells were fluorescently labeled with a carbocyanine membrane probe of DiIC~18~ (3) (DiI) (red fluorescence) (Figure [4](#F4){ref-type="fig"}C). The cell-cell binding of RAW 264.7 cells to 4T1 cancer cells was denoted as the binding ratio between red counts and blue ones. The binding ratio was 55.44% in the negative control, and greatly reduced to 9.18% and 2.88% with the treatment of SCB and PHN, respectively (Figure [4](#F4){ref-type="fig"}D).

These experimental results indicated that the cell-cell binding of cancer cells to monocytes was effectively inhibited by PHN, which could result from the potential inhibition of VCAM-1 expression. Previous results indicated that the VCAM-1 depletion on breast cancer cells could significantly inhibit the formation of metastatic colonies in the lungs [@B34]. Accordingly, the remarkable inhibition of VCAM-1 expression and cell-cell binding of cancer cells to monocyte by PHN could be promising to reduce the incidence of lung metastases.

3.4 In vivo distribution and therapeutic efficacy on lung metastasis of breast cancer {#Section3.4}
-------------------------------------------------------------------------------------

The lung metastasis breast cancer model was induced by tail injection of 4T1-luc cells [@B34]. The formation of lung metastases was determined by in vivo bioluminescence assay (IVIS Spectrum, Perkin-Elmer) prior to the in vivo distribution assays. PHN was fluorescent labeled with ICG for the measurements under the in vivo imaging system (Figure [5](#F5){ref-type="fig"}A). The captured images indicated that the fluorescent signals of PHN in liver, spleen and lung were much higher than that of free ICG. Meanwhile, the quantified results showed that the mean fluorescence intensity from PHN was significantly enhanced by 2.33 folds in the lungs (Figure [5](#F5){ref-type="fig"}B). Moreover, the specific targeting of PHN to metastatic nodules was evaluated by in vivo multi-modal imaging system of Spectrum/CT in a lung metastatic breast cancer model (Figure [5](#F5){ref-type="fig"}C). The fluorescent signals of PHN (red signals) can be specifically distributed in the site of metastatic nodules (green signals) (white arrows), which were also clearly identified in the reconstructed 3D movies. Thereby, PHN could induce a higher accumulation in lung tissues and be specifically delivered to the site of metastatic lesions in lungs. After reaching the metastatic nodules, PHN could be internalized into the cancer cells, and then dissociated to release the SCB in respond to the intracellular acidic environments in endosomes or lysosomes, which could be beneficial for inhibiting the lung metastasis of breast cancer. In addition, the pharmacokinetic profiles of PHN were investigated in rats after intravenous administration. Compared with the SCB solution, the plasma concentration of SCB from PHN was significantly higher than that of free SCB within two hours, and the area under concentration-time curve (AUC) was significantly increased by 1.77-fold (Figure [5](#F5){ref-type="fig"}D).

Then, the therapeutic efficacy of PHN was further validated in the lung metastatic breast cancer model. During the treatment, the body weight was hardly changed in mice of saline, SCB and PHN group (Figure [S7](#SM1){ref-type="supplementary-material"}). At the end, the lung metastasis was detected by in vivo bioluminescence assay after intraperitoneal injection of luciferin. The captured images showed that the bioluminescence signals were largely detected in all the mice of negative control and SCB group, but was detectable in only one of the four residual animals with lower intensity (Figure [6](#F6){ref-type="fig"}A). Moreover, the lung tissues were removed at the end point and the visually detected metastatic nodules was counted to evaluate the extent of lung metastasis (Figure [6](#F6){ref-type="fig"}B). The average number of metastatic nodules per lung was 26.5±5.0 in negative control and 22.8±9.4 in SCB group, respectively. However, in PHN treated group, the average number of metastatic nodules was significantly reduced to 8.0±1.0, which was only 30.2% of the negative control and 35.1% of SCB group (Figure [6](#F6){ref-type="fig"}C). Furthermore, the histological examination was performed by H&E staining to detect the metastasis lesions in lung tissues, which was evidenced by clusters of cells with darkly staining nuclei (Figure [6](#F6){ref-type="fig"}D). The metastatic lesions were obviously observed in negative control and SCB group, but seldom detected in PHN group. These experimental results clearly verified that the lung metastasis of breast cancer was effectively inhibited by PHN, but not obviously affected by SCB. The effectiveness of PHN on inhibiting the lung metastasis of breast cancer mainly ascribe to the obviously increased inhibitory effects on cell migration and invasion activities, significant reduction of VCAM-1 expression and cell-cell binding of monocytes to cancer cells, and higher accumulation in lung tissues. Moreover, the enhanced anti-metastatic efficacy of PHN over SCB could result from the nanometer-sized nanostructure of PHN and the specific pH-stimuli controlled drug release in response to the intracellular acidic environments. Additionally, the systemic toxicity of PHN was evaluated by histological examination in mice after multiple intravenous administrations. The pathological changes were detected under light microscope to determine the damages induced by PHN. Compared with the negative control, the PHN treated group displayed negligible damages in these organs, indicating the good biocompatibility in mice after multiple dosing (Figure [S8](#SM1){ref-type="supplementary-material"}).

4. Conclusion {#Section4}
=============

In summary, a pH-responsive nanosystem of PHN was successfully developed via the host-guest interactions with effective inhibition of lung metastasis of breast cancer. PHN comprised nanometer-sized spherical particles with the mean diameter of 110.0±40.36 nm, and exhibited specific and sensitive pH-stimuli responsive capability. The inhibitory effects of SCB on cell migration and invasion activities, VCAM-1 expression in 4T1 cells and cell-cell binding of RAW 264.7 to 4T1 cells were obviously enhanced after its assembly into PHN. In particular, in the lung metastatic breast cancer model, the therapeutic efficacy on lung metastasis of breast cancer was greatly improved by PHN. Thereby, PHN could provide a promising drug delivery platform for treating lung metastasis of breast cancer.

Supplementary Material
======================

###### 

Supplementary Methods, Supplementary Results, Figures S1-S8.

###### 

Click here for additional data file.

The National Basic Research Program of China (2015CB932103 and 2013CB932503), the National Natural Science Foundation of China (81270047, 81521005) and the K.C. Wong Education Foundation are gratefully acknowledged for their financial support.

![Conceptual illustration of PHN mediated pH-responsive drug delivery to suppress the lung metastasis of breast cancer. The βCD-DPA and mPEG-Ad can be integrated into the supramolecular pseudo-diblock polymer of PCD via host-guest interactions, and then be assembled with lipophilic SCB into the nanosystem of PHN for targeted drug delivery to the metastatic nodules in lungs. After internalization into cancer cells, PHN can be disassociated with rapid and specific drug release in response to the intracellular acidic environments in late endosomes or lysosomes, thereby enhancing its therapeutic efficacy on cancer metastasis.](thnov06p0435g001){#SC1}

![The formation and in vitro characterization of PHN. (A) The formation of βCD-DPA/mPEG-Ad supramolecular polymer (PCD) mediated by host-guest interactions between CD and Ad moieties; (B) the 2D NOSEY NMR spectrum of PCD; (C) typical TEM images of PHN at pH 7.4, scale bar = 100 nm; (D) the particle size distribution of PHN; (E) The typical TEM images of PHN at pH 5.8, scale bar = 100 nm; (F) the typical TEM images of PHN at pH 5.2, scale bar = 100 nm; (G) HPLC spectrum of pH-responsive drug release of PHN from pH 7.4 to pH 5.2; (H) the in vitro release profiles of PHN in PBS at different pH values.](thnov06p0435g002){#F1}

![The in vitro evaluations of PHN on cell viability and its cellular uptake in metastatic 4T1 breast cancer cells. (A) The cytotoxicity of PHN, PCD (equivalent concentration to SCB) and SCB in 4T1 cells at series concentration of SCB; (B) the cell population percentages at each stage of 4T1 cells treated with SCB and PHN at 400 ng/mL of SCB measured by flow cytometry; (C) the subcellular localization of PHN with lysosomes in 4T1 cells under LCSM, scale bar = 10 μm.](thnov06p0435g003){#F2}

![The in vitro inhibitory effects of PHN on cell migration and invasion activities of metastatic 4T1 cells. (A) The inhibition of cell migration and invasion of 4T1 cells treated with SCB and PHN at 400 ng/mL of SCB, scale bar=100 μm; (B) the quantified inhibition efficacy of PHN on cell migration and invasion activities, ^\*^*p*\<0.05, ^\*\*^*p*\<0.01.](thnov06p0435g004){#F3}

![The in vitro inhibitory effect of PHN on VCAM-1 expression in 4T1 cells and cell-cell binding of RAW 264.7 to 4T1 cancer cells. (A) The VCAM-1 expression in 4T1 cells treated with SCB and PHN at 400 ng/mL of SCB, which was evidenced as red fluorescence, scale bar=10 μm; (B) the VCAM-1 expression in 4T1 cells determined by western-blot analysis; (C) the cell-cell binding of RAW 264.7 cells to 4T1 cells, in which 4T1 cancer cells were pretreated with SCB and PHN at 400 ng/mL of SCB, scale bar=100 μm; (D) the quantification of the binding ratio of RAW 264.7 cells to 4T1 cells, ^\*\*^*p*\<0.01.](thnov06p0435g005){#F4}

![The in vivo behavior of PHN. (A) The ex vivo distribution of ICG labeled PHN in major organs of 4T1-luc induced lung metastatic breast cancer models; (B) the quantified distribution of PHN in major organs, ^\*^*p*\< 0.05; (C) the specific targeting of PHN to metastatic nodules in 4T1-luc induced lung metastatic breast cancer models; (D) the in vivo pharmacokinetic profiles of PHN and SCB in rats after intravenous administration.](thnov06p0435g006){#F5}

![The in vivo therapeutic efficacy of PHN in lung metastatic breast cancer models treated with saline, SCB and PHN (n=4). (A) the in vivo bioluminescence imaging; (B) the typical lung tissues; (C) the average metastatic nodules per lung in mice,^\*^*p*\< 0.05; (D) the histological examination of metastatic foci in lung from each group.](thnov06p0435g007){#F6}
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